The control over surface wettability is of concern for a number of important applications including chromatography, microfluidics, biomaterials, low-fouling coatings and sensing devices. Here, we report the ability to tailor wettability across a surface using lateral porous silicon (pSi) gradients. Lateral gradients made by anodisation of silicon using an asymmetric electrode configuration showed a lateral distribution of pore sizes, which decreased with increasing distance from the electrode. Pore sizes were characterised using scanning electron microscopy (SEM) and atomic force microscopy (AFM). Pore diameters ranged from micrometres down to less than 10 nanometres. Chemical surface modification of the pSi gradients was employed in order to produce gradients with different wetting or non-wetting properties. Surface modifications were achieved via silanisation of oxidised pSi surfaces introducing functionalities including polyethylene glycol, terminal amine and fluorinated hydrocarbon chains. Surface modifications were characterised using infrared spectroscopy. Sessile drop water contact angle measurements were used to probe the wettability in regions of different pore size across the gradient. For the fluorinated gradients, a comparison of equilibrium and dynamic contact angle measurement was undertaken. The fluorinated surface chemistry produced gradients with wettabilities ranging from hydrophobic to near super-hydrophobic whereas pSi gradients functionalised with polyethylene glycol showed graded hydrophilicity. In all cases investigated here, changes in pore size across the gradient had a significant effect on wettability.
INTRODUCTION
The solid-liquid interface is important in defining the degree of wettability (hydrophobicity/hydrophilicity) of a surface and subsequent interactions between the surface and components in the liquid contacting the surface. For example, the increasing demand for sophistication on biochip surfaces has motivated extensive studies of liquid-surface interaction [1, 2] . It is important to note that biochip and material design usually involves tuning of wettability using surface chemistry [3] [4] [5] [6] and in particular surface roughness [7, 8] or a combination of texture and chemistry [9, 10] . Surface wettability is a key factor in mediating fluid transport in confined spaces and across surfaces and it also influences adsorption of biomolecules and subsequent biological response. Therefore, control over wettability has significant applications in areas such as biomedical diagnostics and biomaterials.
In recent years, considerable attention had been directed towards self assembled monolayers (SAMs) and polymers with different wettability profiles to influence and modulate the levels of protein adsorption [11] . However it should be noted that wettability is not the only factor mediating protein adsorption. The latter is also susceptible to electrostatic effects and thus is sensitive to the pH of solution and protein isoelectric point [12] .
Commonly used methods for tailoring wettability include introduction of chemical moieties on the surface and micro/nano fabrication of patterned and textured surfaces [13] . Generally for smooth flat surfaces a maximal water contact angle of around 110º -120º is attainable [9, 14, 15] . Beyond this, roughening or surface structuring is required for an increase in contact angle [8, 9] . A well-known example is the so called Lotus effect where surface topography of the hydrophobic lotus leaves and other plant surfaces enable contact angles of >150º and low sliding angles [16] .
Whilst many studies have focused on the engineering of surfaces to mimic nature and on the effects of topography and chemistry, the mechanisms involving the simultaneous effects of both chemical and topographical modification on wettability are not completely understood [17] . However, with further research directed towards this area, applications in biodevices and microfluidic systems stand to benefit from fabrication schemes involving methods for tailoring wettability on surfaces.
Recent studies have favoured the preparation of surfaces with a continuously varying chemical composition along one direction or dimension on the surface [17, 18] . The chemical gradient systems produce surfaces with varying properties in wettability, polymer thickness and other physicochemical aspects across one dimension. The advantages conferred in such systems have found use in controlled motion of droplets on surfaces as well as selective biomolecule adsorption for biomaterial design [19] . With the integration of suitable analytical techniques, gradients are powerful analytical tools for examination of a spectrum of effects within a single sample surface.
Improvements in surface chemistry and fabrication techniques enable us to tailor material surfaces with topographical features spanning from several microns to a few nanometers. Porous silicon (pSi) is one of the most promising candidates for the fabrication of nanostructured surfaces for a wide range of applications [20, 21] . It has been found to be highly biocompatible and biodegradable [22] , displays highly tunable optical properties [23] and a surface chemistry that can easily be modified with very stable Si-C (hydrosilylation) or Si-O bonds (silanisation) [20, 24] . pSi is commonly fabricated by electrochemical anodic etching of silicon wafers in the presence of hydrofluoric acid. Dimensions of the porous micro-architecture and the thickness of the porous layer from the wafer can be varied with the anodic etching current density in x,y direction and the time of anodisation in the z direction.
The correlation of pore size and current density also render pSi attractive as a candidate for studying gradients. The possibility to fabricate pSi surfaces containing a distribution of pore sizes by anodisation in an asymmetrical arrangement has been described previously [25] . The current within the electrolytic solution varies as a function of distance of the electrode to the counter electrode due to resistance of the electrolyte, thus leading to a decrease in current density as the distance from the electrode increases [25, 26] . This dependence can be exploited to generate a surface displaying a gradient of pore features ranging from large (1-3 µm) to small (5 nm) on a single surface [27] . Modification of the applied anodic current can control the size range of these pores. So far, such lateral gradients have been utilised for the fabrication of optical band filters [28] and for studies of biomolecule adsorption [29] .
On a typical flat surface, the main influencing factor on wettability will be the nature of the surface chemistry and surface energies. As surface energy is lowered, the hydrophobicity and thus the water contact angle of a surface increases [15] . When a porous surface is introduced in concert with appropriate surface chemistry, the resulting contact angle on the surface will be the net of both factors. Under certain conditions Cassie-Baxter or Wenzel wetting behaviour is observed [8] . Whilst the Cassie-Baxter model assumes that a water droplet rests only on top of the surface features without filling pores, Wenzel's model assumes that the surface structure is filled by the water [8] .
Here, we have generated pSi gradients to study the effects of pore size on surface wettability using lateral pSi gradients in conjunction with a range of chemical modifications applied to the porous layer.
METHOD

Electrochemical anodisation
pSi samples were prepared from p-type (boron-doped) silicon wafers with (100) orientation and resistivity of 0.0005-0.001 Ω cm (Virginia Semiconductors). Samples were prepared in the setup similar to that as previously described [15] . Briefly, surfaces were etched by placing the electrode perpendicular to the surface on one end of a Teflon well in a 1:1 (v/v) solution of 49 % aqueous HF/ethanol for 90 seconds at a constant current density (Fig. 1a) . Three currents were applied: 40 mA, 50 mA and 60 mA over a surface area of 1.767 cm 2 , giving current densities of 22.64 mA/cm 2 , 28.31 mA/cm 2 and 33.40 mA/cm 2 , respectively. After etching, the samples were rinsed with methanol, acetone and dichloromethane and dried under a stream of N 2 . The freshly etched pSi surfaces were thermally oxidised in a tube furnace at 600 °C for 1 h or ozone oxidised using a Fischer OZON Ozon-Generator 500 for 20 minutes at ozone rate of 3.25 g h -1 . After oxidation, the surfaces were rinsed extensively with ethanol and dried under a stream of N 2 .
Silanisation
Surface modification was achieved via silanisation of the thermally oxidised pSi samples using dry distilled solvent and silanes as received.
Surface modification with N-(triethoxysilylpropyl)-O-polyethylene oxide urethane (PEGS) (Gelest Inc) was achieved by submersion of thermally oxidised pSi in anhydrous toluene with a silane concentration of 50 mM at a temperature of 70 o C for 16 h. Modification with 3-aminopropyl triethoxysilane (APTES) (Aldrich, 98 %) was carried out with 50 mM silane in toluene at 25 o C for 4 h.
Ozone oxidised pSi was silanised with heptadecafluoro-1,1,2,2-tetrahydrodecyl dimethylchlorosilane (HDFS) (Gelest Inc) and pentafluorophenyl dimethylchlorosilane (PFPS) (Gelest Inc) via flooding the pSi surfaces with the neat chlorosilane followed by incubation in an 80 o C oven for 15 minutes. After silanisation the surfaces were rinsed with acetone and dichloromethane before being dried under a stream of N 2 .
Scanning electron microscopy
Scanning electron microscopy (SEM) was performed on a Phillips XL30 field emission scanning electron microscope with an acceleration voltage of 10 kV and a capture angle of 90 and 45 degrees relative to the surface.
Atomic force microscopy
Atomic force microscopy (AFM) images of pSi were acquired on a Nanoscope IV Multimode microscope (Veeco Corp.) operating in tapping mode using silicon tips (FESP, Digital instruments) with a resonance frequency of 50-70 kHz. Image processing was done using Nanoscope v5.12 software. Analysis was performed in the centre of the respective bins shown in figure 1b.
Infrared spectroscopy
All Infrared (IR) spectra were obtained using a Nicolet Avatar 370MCT from Thermo Electron Corporation equipped with a Smart Diffuse Reflectance Accessory in diffuse reflectance mode (DRIFT). The DRIFT spectra were recorded and analysed using OMNIC version 7.0 software. Spectra were obtained in the range of 650-4000 cm -1 at a resolution of 1 cm -1 . All spectra were blanked using an unetched silicon wafer of the same type.
Contact angle measurements
To investigate the surface wettability of modified pSi gradients at regions of different pore size, sessile drop water contact angles were characterised in terms of advancing and static (equilibrium) contact angles. Contact angle experiments were conducted under ambient conditions.
A custom built sessile drop apparatus with an Olympus SZ-PT microscope and lens system mated to a Sony CCD camera was employed. A 10 µL syringe (Hamilton, Reno, USA) was used to dispense droplets of 18.2 MΩ.cm MilliQ (MQ) water of approximately 1 µL to three pore size regions (bins). A minimum of three contact angle measurements were taken from each of the binned regions as described below. Angle analysis of captured droplets was performed with ImageJ software v1.34 (http://rsb.info.nih.gov/ij/ ). 
RESULTS AND DISCUSSION
Lateral anodisation
Graded pSi surfaces were produced using three different etching current, 40 mA, 50 mA and 60 mA in an asymmetric electrode configuration. The schematic of the setup is as shown in figure 1a. We used three different etching conditions in order to fabricate a spectrum of pore sizes for the wettability studies ranging from micron to nanometer size. A low concentration of HF was selected since this electrolyte gave mechanically stable pores across the whole gradient. The size of surface pores had to be sufficiently large enough to present substantial topographic disparity in conjunction with the chemical modification. A surface topography within the nanometer range may not exert sufficient physicochemical effects on wettability. The physical appearances of the laterally etched pSi surface that we obtained were found to be similar to those previously attained by Sailors group [25] . For all currents used in this work we were able to avoid electropolishing the surface. However, any further increase in the etching current resulted in the loss of porous structure due to electropolishing.
Surface topography
The topography of the graded pSi films was first characterised using atomic force microscopy (AFM). For this purpose, pSi films etched at the three different currents were divided into different regions as shown in figure 2. The region nearest to the Pt electrode would be expected to yield the largest pore sizes due to the largest electrical field. Pore size/diameter is expected to decrease with increasing distance from the Pt electrode. Figure 2 shows the AFM analysis from the each of the different selected regions of interest from the laterally etched pSi. At the largest pore region attained from our anodisation as shown in figure 2a, the pore sizes were found to span between 1000-3000 nm. The region with the smallest pores, obtained from the sample etched at 40 mA etching current, displayed 5-20 nm pore sizes (figure 2f). We decided to use six different regions from the three pSi samples corresponding to six different pore size bins to facilitate the wettability measurement. The pore regions selected for contact angle analyses were 1000-3000 nm, 300-1000 nm, 100-300 nm, 50-100 nm, 20-50 nm and 5-20 nm. This binning method is coarse enough to allow the use of fiducial markers to identify the pore region during contact angle measurements, while providing a significant change in pore size between each region. Although finer binning could have been employed, the six chosen pore regions covered the highest pore size (3000 nm) to the smallest pore size (5 nm) and provided a starting point for evaluating the effect of pore size on wettability of the surface. The relation between the current density used during anodisation and the pore size observed on the surface is as shown in table 1. In general, sizes of pores on the surface were found to be dependent on the distance from the electrode and the level of anodising current applied. The region closest to the electrode was found to have the largest pores while pores were smallest in regions furthest from the electrode. Table 1 . Pore size distribution on pSi gradients produced at 40-60 mA.
Pore size region Etching current
Closest to Pt electrode
In the middle of pSi surface
Furthest from the Pt electrode 40 mA 50-100 nm 20-50 nm 5-20 nm 50 mA 300-600 nm 100-300 nm 30-100 nm 60 mA 1000-3000 nm 300-1000 nm 700-300 nm Scanning electron microscopy was performed on all the surfaces to investigate the layer thickness and to further visualise the three dimensional features of the pSi surface that cannot be probed by AFM. Characterisation of the prepared surface structures is important due to the strong influence of topography over the contact angles in conjunction with the chemical silanisation. Figure 3a -c shows the scanning electron micrographs of surfaces produced at 40, 50 and 60 mA respectively. The thickness of the porous layer was determined to be 2.5 µm from figure 3d which was taken at a viewing angle of 45 degrees. It is also interesting to note that smaller pore structures were clearly visible along the bottom of the large pores for the 60 mA samples (figure 3e). It is conceivable that this layer of smaller pores also influences wettability, in particular for Wenzel surfaces where the water probes the interior of the pore. Wavenumber (cm1)
Surface modifications
pSi gradients were oxidised to produce a surface that is stable when in contact with aqueous media [27] . Thermally oxidised pSi was silanised with the silanes N-(triethoxysilylpropyl)-O-polyethylene oxide urethane (PEGS) [24] and with 3-aminopropyl trimethoxysilane (APTES) [21] to produce two hydrophilic organic coatings. On the other hand, ozone oxidised pSi was silanised with fluorinated silanes heptadecafluoro-1,1,2,2-tetrahydrodecyl dimethylchlorosilane (HDFS) and pentafluorophenyl dimethylchlorosilane (PFPS) to produce two hydrophobic coatings [30] . Typical IR spectra for each surface functionalisation are shown in figure 4 . Upon thermal oxidation, the laterally etched surfaces (figure 4a) show a characteristic peak at 1080 cm -1 corresponding to a Si-O stretching vibration [31] . The APTES pSi surface (figure 4b) displays a large peak at 1080 cm -1 for the Si-O stretching as well as a broad peak corresponding to a N-H bending vibration centred at around 1580 cm -1 . C-H stretching vibrations at 2850 -3000 cm -1 and a peak corresponding to the bending vibrations at 1460 cm -1 are also observed. The PEGS silanised surface (figure 4c) shows a broad peak at around 1080 cm -1 for the Si-O and C-O stretching vibrations. The spectrum also shows characteristic peaks at 1460, 1545 and 1710 cm -1 for the C-H alkane and N-H amide bending and the C=O stretching vibrations in the amide, respectively. A peak corresponding to C-H stretching vibrations can also be seen at 2850 -3000 cm -1 along with a small peak that stretches across 3400 cm -1 this is likely to be caused by the terminal O-H group on the PEGS pSi.
Both the PFPS (figure 4d) and HDFS pSi (figure 4e) surfaces also show peaks centered at 1080 cm -1 for the Si-O stretching, and the symmetric stretching vibration of CF 3 [32] . Importantly the PFPS pSi spectrum (Fig. 4d) shows a peak at 1260 cm -1 which can be attributed to aromatic C-F stretching and peaks at 1500 cm -1 attributed to the C-C in ring stretching vibrations of aromatic systems. The HDFS pSi spectra (figure 4e) clearly shows sharp peaks that can be assigned to CF 2 stretching vibrations at 1150 and 1220 cm -1 and the CF 3 asymmetric stretching vibration at 1250 cm -1 [32] . Due to the low sensitivity of diffused reflectance IR on laterally graded porous surface, it is hard to observe any C-H stretching vibrations on both the HFDS and PFPS pSi surfaces. However the surface may not be fully covered due to the presence of a small peak at 2100 cm -1 , which is representative of Si-H x stretching vibrations and is indicative of incomplete ozone oxidation. Due to the low sensitivity of the DRIFTS scans, transmission IR scans were performed in order to visualise the C-H stretches for the short propyl chains and further confirm the effective surface functionalisation with both PFPS and HDFS. In order to facilitate the transmission of the IR beam through the samples, higher resistivity (3-6 Ω cm) boron doped silicon wafers were etched at a current density of 60 mA for 150 seconds, ozone oxidised and silanised with PFPS and HDFS, respectively. The results are shown in figure 5 and the C-H stretch indicated by a peak at 2960 cm -1 is visible in these spectra. It is important to note that all the peaks assigned for both PFPS and HDFS from the DRIFT spectra (figure 4d-e) were also visible in transmission mode IR as expected. The large peak at 1080 cm -1 is attributed to the Si-O stretching vibration from the surface and is much more prominent on these surfaces, whilst the Si-H vibrations are absent in the spectra, indicating complete ozone oxidation.
Water contact angle measurements
Static water contact angles were determined on pSi gradients with the surface modifications as shown in figure 4 to study the effect of pore size on wettability for hydrophilic (PEGS and APTES pSi) and hydrophobic (PFPS and HDFS pSi) coatings. The results are shown in figure 6 and 7. The hydrophilic PEGS functionalisation shows the reverse trend to the fluorinated porous surfaces with droplet flattening as pore size increases. Therefore in all cases studied here, the larger pore sizes enhance the effects of the applied surface chemistry. Figure 7 shows the average static water contact angles for the six pore size regions in figure 2 . The fluorosilanes produced hydrophobic surfaces with contact angles in excess of 112º (figure 7a). Small standard deviations of less than 2.5º for both PFPS and HDFS coatings are indicative of homogenous coatings. A difference of approximately 11º is observed for the between the smallest and largest pore sizes for both PFPS and HDFS pSi. Values for HDFS pSi are slightly larger than for PFPS pSi which is within expectations as the surface energies for a HDFS coating displaying a terminal CF 3 group is lower than for a PFPS coating [33] . The highest contact angles (around 125º) were observed on the micron size pore regions. On the 5-20 nm pore region, the contact angles were around 113º. In contrast, the static contact angle on flat Si modified with PFPS and HDFS was 90º and 100º respectively, which is significantly lower than the values obtained on the mesoporous region (5-20 nm).
It is a well established fact that surface roughness and topography on an already hydrophobic surface can augment hydrophobicity further [34] [35] [36] . The trend we observed on the fluorinated surfaces as described above shows a decrease in contact angle from the largest pores to the smallest one. Based on the Cassie-Baxter model, the contact angle on a composite surface composed of solid material and air (e.g. a porous surface) increases when the fraction of the liquid-air interfacial area increases [37] . The larger the pores, the higher the fraction of liquid-air interfacial area. This model therefore explains well the trend observed here. Previous studies on porous fluoropolymer films templated by silica colloidal assembly within the same pore regime show comparable trends [38] . Our failure to attain superhydrophobicity could be due to the incomplete coverage of the fluorosilanes on the surface and this will be addressed in future work. Interestingly, earlier studies on chemically modified CF 3 flat surfaces were only able to achieve a contact angle of 120 º [33, 39] , while here the lateral gradient has clearly demonstrated the enhancement of hydrophobicity by means of graded surface roughness. 1000-3000 300-1000 100-300 50-100 20-50 [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Pore Size (nm)
A difference in contact angle of 27º between the smallest and largest pore size regime was observed for the PEGS functionalised gradients (figure 7b). The lowest contact angle observed was 17º (on the 1000-3000 nm region) and the largest 44º (on the 5-20 nm region). These results indicate that the hydrophilic coating allows the water droplet to fill the internal volume of the porous structure observed in figures 2 and 3. Investigation of the static contact on flat Si modified with PEGS showed a slightly higher contact angle of 47º, which is consistent with the trend observed. Whilst APTES functionalised surfaces follow the same trend as PEGS pSi, the change in contact angle is less pronounced. A difference of 9º between the smallest and largest pore size areas for the APTES samples is observed. The standard deviation of contact angles is larger for the APTES functionalised surfaces, perhaps due to a more inhomogenous coating. APTES has a tendency to form a polycondensed multilayer [40] . Taking the large standard deviation into account, it can be concluded that the pore size changes do not as strongly influence wettability of APTES pSi as compared to the PEGS surfaces.
The wettability trend on the hydrophilic porous gradient can be explained by the Wenzel model. In this model, if a porous microstructure is readily invaded by water, an increase in the solid-liquid surface area (e.g. by decreasing pore size) will augment hydrophobicity because of an increase in surface energy of the porous surface [38] . An increase in the absorbed volume of water (e.g. by increasing pore size) however leads to an increased hydrophilicity. Surface silanisation with PEGS and APTES creates hydrophilic surfaces which should allow the penetration of the water droplets into the pores. The larger the pore volume, the more water of the droplet can be absorbed into the porous surface (nanowicking) [41] [42] [43] . This explains the observed increase in wettability for increasing pore sizes. Figure 7 . Static water contact angle on (a) PFPS or HDFS functionalised pSi gradients and (b) PEGS or APTES functionalised pSi gradients. The change in contact angle over the lateral gradient on hydrophilic surfaces for PEGS and APTES was 27º and 9º, respectively. The changes on hydrophobic silanes for both PFPS and HDFS were found to be relatively similar, at approximately 11º.
When dynamic advancing contact angles were measured for the hydrophobic surfaces (PFPS and HDFS), a stronger dependence of the wettability on the pore size was observed. Figure 8 Pore Size (nm) b functionalised samples. It can be seen that the difference between the maximal 147º and minimal 114º contact angle values for the largest and smallest pore sizes respectively is now 33º whilst the static contact angle difference was only 11º. This difference between the advancing and static contact angles is clearly caused by the introduction of a porous layer (surface roughness) [33] as the advancing contact angle of flat Si sample modified with HDFS (98º) is very close to the static contact angle of HDFS on flat Si (100º). The upper value of 147º is now approaching the superhydrophobic regime, which is usually defined as a regime of contact angles in excess of 150º [35] . The fluorinated pSi gradients showed a contact angle hysteresis of 22º. The large contact angle hysteresis is indicative of a strong pinning of the liquid-solid contact line and a 'sticky' hydrophobic surface [44] [45] . At this point, we are uncertain about the reasons for the large hysteresis. It may be a consequence of the graded nature of the surface or may be related to the dispersity of the pore size and shape. Future investigations will focus on this contact angle hysteresis and its modulation.
CONCLUSIONS
We have developed gradients with micro/nano structured surface features which are amenable to surface functionalisation via silanisation. Lateral pSi gradients were prepared by an electrochemical etching procedure using an asymmetric electrode configuration. Simple one step surface modifications of the pSi using silane chemistry afforded surfaces with a range of wettabilities as probed by the sessile drop water contact angle from less than 20º to approximately 150º. For a given surface chemistry, pore size changes of these pSi gradients result in shifts of water contact angle of around 30º.
Depending on the surface chemistry, we have attributed these wettability behaviours to the Wenzel or the Cassie-Baxter model. With further utilisation of both models, we have also managed to determine the relationship between pore size and wetting behaviours on porous substrates.
Hence, using this gradient format, one can identify desired wettability regimes on a single sample therefore reducing analysis and preparation cost and time. The format is also suitable for the investigation of biomolecule surface or cell surface interactions with the aim to develop surfaces with desired surface properties for biotechnological applications including biomaterials, biosensors and microarrays.
